The stress-induced p38 mitogen-activated protein kinase (MAPK) pathway plays an essential role in multiple physiological processes, including cancer. In turn, p38MAPK phosphorylation at Thr180 and Tyr182 is a key regulatory mechanism for its activation and functions. Here we show that this mechanism is actively regulated through isomerisation of Pro224. Different cyclophilins can isomerise this proline residue and modulate the ability of upstream kinases to phosphorylate Thr180 and Tyr182. In vivo mutation of Pro224 to Ile in endogenous p38MAPK significantly reduced its phosphorylation and activity. This resulted in attenuation of p38MAPK signalling, which in turn caused an enhanced apoptosis and sensitivity to a DNA-damaging drug, cisplatin. We further found a reduction in size and number of lesions in homozygous mice carrying the p38MAPK P224I substitution in a K-ras model of lung tumorigenesis. We propose that cyclophilin-dependent isomerisation of p38MAPK is an important novel mechanism in regulating p38MAPK phosphorylation and functions. Thus, inhibition of this process, including with drugs that are in clinical trials, may improve the efficacy of current anti-cancer therapeutic regimes.
Mitogen-activated protein kinases (MAPKs) have long been known to link extracellular stimuli to cellular responses such as survival, proliferation and apoptosis. p38MAPK (with reference to MAPK14 or p38α) was originally implicated in the inflammatory response, 1,2 but subsequently shown to be activated in response to multiple stressors, including UV radiation, hyperosmolarity, oxidative stress and DNA damage, and in cancer. [3] [4] [5] [6] Initial experiments using mouse models of cancer showed that p38MAPK suppresses lung and liver tumour formation in vivo. 7, 8 However, enhanced p38 phosphorylation also correlates with poor prognosis in some patients with breast cancer and hepatocellular carcinoma. 9, 10 Similarly, overexpression or activation of p38MAPK has been reported in lymphomas, thyroid neoplasms and human lung tumours. [11] [12] [13] In addition, inhibition of p38MAPK activity enhances apoptosis and cell sensitivity during administration of chemotherapy drugs. [14] [15] [16] [17] The key regulatory sequence within p38MAPK is Thr180-Gly181-Tyr182, in which Thr and Tyr residues are phosphorylated to increase p38MAPK activity by allowing easier access to its active site. 18 Whether there are additional mechanisms to control p38MAPK activity and functions however remains largely unknown.
Key proline residues in native proteins can play important roles in the regulation of protein activity and function. Peptidylprolyl isomerisation can affect protein conformation, modulating protein activity, phosphorylation status, protein-protein interactions, subcellular localisation and stability. Proline isomerisation acts as a spatial and temporal regulatory mechanism for a variety of proteins, including cyclin-dependent kinases, the tumour suppressor p53, the transcription factors c-Jun and c-Fos, histone H3 and JNK kinase. [19] [20] [21] [22] Cyclophilins are one of the subfamilies of prolyl cis-trans isomerases, have been structurally conserved throughout evolution and seven major isoforms are ubiquitously expressed in multiple tissues.
Here we report a new mechanism to control activation of p38MAPK through its isomerisation mediated by cyclophilins and show its significance in the regulation of p38MAPK functions in cancer. We have identified Pro224 in the protein sequence of p38MAPK as a key proline residue targeted by multiple cyclophilins. We observed that direct association of cyclophilins increases phosphorylation of p38MAPK by MKK6 kinase, which in turn leads to activation of a signalling pathway downstream of p38. Attenuation of cyclophilins or mutation of Pro224 in endogenous p38MAPK blocks isomerisation, leading to a similar physiological outcomes -the increased sensitivity of tumour cells to the chemotherapy drug cisplatin in vitro and in a mouse lung cancer model in vivo. Moreover, mice lacking the isomerisation of p38MAPK do not efficiently develop lung tumours, suggesting that isomerisation of p38MAPK is required for tumorigenesis.
Results
Cyclophilins interact with p38MAPK and increase the phosphorylation of its regulatory sequence. p38MAPK is activated by dual phosphorylation of Thr180 and Tyr182 in response to a variety of factors. It is not known, however, whether there are any binding partners or scaffolding proteins that regulate this activating event. We hypothesised that p38MAPK phosphorylation, and thus its activity and function, could be regulated by direct association with certain proteins. This regulation in turn could happen if the interacting partner either facilitates or disrupts the ability of upstream kinases such as MKK6 to phosphorylate p38MAPK. To identify potential p38MAPK binding partners, we used a stable isotope labelled amino acids in cell culture (SILAC)-based quantitative proteomic strategy and HeLa cells with stably expressed green fluorescent protein (GFP)-tagged p38MAPK for immunoglobulin-free purification. HeLa cells expressing p38MAPK-GFP were exposed to UV irradiation (20 J/m 2 ) and precipitated p38MAPK was subjected to SILAC-based quantitative mass spectrometry. We found that multiple peptidyl-prolyl cis-trans isomerases (PPIase), including CypA, CypB, CypH, CypE, CypG, CWC27 and PPIL4, were associated with p38MAPK. To validate the SILAC experiments, we performed a co-immunoprecipitation assay of transiently transfected cells with flag-tagged CypA, CypB and CypH together with p38MAPK. Consistent with the SILAC results, we observed p38MAPK binding with different cyclophilins (Figure 1a) . Furthermore, we observed a strong interaction between endogenous CypA and GFP-tagged p38 (Figure 1b) as well as endogenous p38MAPK and flagtagged CypA (Figure 1c ) and CypB (Figure 1d ).
Because phosphorylation of p38MAPK is regulated by upstream kinases, including MKK6, we asked whether the cyclophilins/p38MAPK interaction could affect this regulatory event such as phosphorylation at Tyr182 or both Thr180/ Tyr182. We co-transfected HeLa cells with p38MAPK, constitutively active MKK6 (MKK6-EE) and increasing concentrations of different cyclophilins identified in SILAC experiments. We found that all tested cyclophilins (A, B, H, CWC27) increased phosphorylation of p38MAPK at both Thr180 and Tyr182 (Figure 2a and Supplementary Figure S1a) . To understand whether this effect could be direct, we carried out similar experiments with bacteria-purified p38MAPK, MKK6 and CypA in vitro. We found that inclusion of CypA or CypB resulted in increased phosphorylation of recombinant p38MAPK by MKK6 (Figure 2b and Supplementary Figure S1b) .
For further analysis we focused on CypA, one of the most highly abundant and ubiquitously expressed cyclophilins. The level of CypA and p38MAPK was depleted after infection with a lentivirus containing a short hairpin (sh)RNA (Supplementary Figures S2a and b) , and cells were selected and tested under different stress conditions. We found that levels of phosphorylated p38MAPK, and its activity based on analysis of the downstream targets MK2 and HSP27, were significantly reduced in CypA-depleted cells when compared with control cells; this result was observed for both HeLa and HCT116 cells (Figure 2c ).
To understand whether chemical inhibition of cyclophilins could attenuate activation of p38MAPK, next we treated HeLa cells with the potent chemical cyclophilin inhibitor TMN355 and analysed p38MAPK activation in response to cisplatin. Phosphorylation of p38MAPK and its target MK2 was significantly reduced in the presence of the drug (Figure 2d) . Together with the results of overexpression and knockdown experiments (Figure 2 ), these data strongly argue that cyclophilins play an important role in the regulation of p38MAPK phosphorylation and activity under different conditions.
Cyclophilins facilitate peptidyl prolyl cis-trans isomerisation of Pro224. CypA is a phosphorylation-independent peptidyl prolyl cis-trans isomerase, and as other isomerases, CypA isomerises the peptide bonds preceding a proline amino acid. As the presence of CypA is essential for p38MAPK phosphorylation and activity (Figure 2 ), we next speculated that the interaction of CypA with p38MAPK could change the conformational state of p38MAPK, thus modulating the ability of upstream kinases such as MKK6 to phosphorylate Thr180 and Tyr182. To predict potential prolines for which a conformational change could effect Thr180 and Tyr182 phosphorylation, we identified three proline residues based on their close proximity to phosphorylation sites in a 3D protein structure, PDB coordinates 3DT1. 23 Firstly, Pro29 is involved in configuring the Endogenous p38 bound to CypA and CypB was detected with anti-p38 antibodies. Efficiency of precipitation was analysed by staining with anti-flag antibodies ATP-binding site, although it is distant from the activation loop, residing on the opposite side of the ATP-binding cleft to Thr180 and Tyr182. Secondly, Pro153 is adjacent to Lys152, which packs against Thr185 and plays a structural role in position of the activation loop. However, while Pro153 is favourably placed to influence the positioning of Thr180 and Tyr182, it is buried in the crystal structure and most likely inaccessible to the cyclophilins. Finally, Pro224 is a solvent exposed residue that packs against Tyr187, which in turn contacts Tyr182 (Figure 3a) . Furthermore, the carbonyl of the subsequent amino acid (225) forms a hydrogen bonding network which includes Tyr187 and Arg186, which in turn hydrogen bonds to the carbonyl of residue 181. Since, residue 181 lies between the Thr180 and Tyr182, isomerisation of Pro224 would have an effect on the ordering of the activation loop in which they are located. A switch between trans (Figure 3a ) and cis proline conformations will flip the carbonyl bond by 180 o and prevent Pro224 from simultaneously interacting with Trp187 while the carbonyl of residue 225 positions residue 181 through Arg186. This disruption of the stabilising network may alter the accessibility of Thr180 and Tyr182 to phosphorylation.
In accordance with established protease-coupled proline isomerisation assay, 24 three peptides were designed containing a candidate proline followed by a phenylalanine (F) and paranitroanaline (pNA) group: RTLFP-F-pNA (Pro224), RDLKP-F-pNA (Pro153) and QNLSP-F-pNA (Pro29). Chymotrypsin exclusively cleaves these peptides in the trans-proline conformation and does so with kinetics much faster than isomerisation of proline in water. Thus, the cis-trans conversion rate can be measured spectrophotometrically by the chymotrypsin-dependent release of pNA. Using this assay, the cyclophilins CypA, CypB, CypE and CypH were seen to have cis to trans isomerase activity on only the RTLFP-F-pNA (Pro224) peptide (Figure 3b ), but not the two other peptides (Figure 3c ). Importantly, we tested cyclophilin D, which was not found in our SILAC experiments and showed no isomerase activity towards the Pro224 peptide (Figure 3b ).
Pro224 is required for full activation of p38MAPK. To understand the importance of p38MAPK isomerisation, Pro224 was substituted with isoleucine (P224I) to block any possible isomerisation by cyclophilins. Mutated p38MAPK was tested in in vitro and in vivo phosphorylation assays in the presence of active MKK6, as well as after different stresses. Wild type (wt) and P224I bacteria-expressed p38MAPK were incubated with active MKK6, and the phosphorylation of p38MAPK was analysed. As shown in Figure 4a and Supplementary Figure S3a , mutation of Pro224 significantly reduced this phosphorylation. Figure S3b) . These results further support the critical role of Pro224 in phosphorylation of p38MAPK by MKK6. To understand further how Pro224 isomerisation could affect the p38MAPK response to different types of stress, we transfected HeLa cells with either wt or P224I p38MAPK and treated them with 20 J/m 2 UV radiation, 10 ng/ml tumour necrosis factor α (TNFα) or 0.5 M sorbitol. Stress-induced phosphorylation of p38MAPK was significantly reduced when Pro224 was substituted with isoleucine ( Figure 4c and Supplementary Figure S3c ).
To unequivocally demonstrate the significance of p38MAPK isomerisation at Pro224, we next generated p38MAPK knockin mice in which Pro224 was substituted with isoleucine. p38MAPK P224I heterozygous mice were intercrossed, and mouse embryo fibroblasts (MEFs) were established. Primary cultures of two different pairs of wt and P224I MEFs were used for further analysis of p38MAPK phosphorylation. We found that p38MAPK phosphorylation at both Thr180 and Tyr182 as well as phosphorylation of MK2, a downstream target of p38MAPK, was significantly reduced after UV irradiation in both cultures of MEFs carrying the P224I substitution ( Figure 5a and Supplementary Figure S4a) . Furthermore a significant reduction in these changes could not be due to attenuation of the activity of upstream kinases in P224I p38MAPK mutant cells because our analysis of MKK3 and MKK6 revealed no difference in their phosphorylation when compared with wt cells (not shown).
Next, we transformed wt and P224I MEFs with E1A and RasV12 oncogenes to determine whether isomerisation is involved in regulating p38MAPK function in response to different stresses as well as to cisplatin treatment. Transformed cells were treated with 100 μM cisplatin for 4 h (Figure 5b and Supplementary Figure 4b) , UV irradiation or 0.5 M sorbitol for 15 min (Figure 5b ). We found that in response to all the treatments, the phosphorylation of both p38MAPK The stretch of amino acids that include the phosphorylated residues (Thr180 and Tyr182; labelled in red) has the main chain coloured grey, while the main chain proximal to Pro224 is shown in orange.
Residues outside these regions are omitted for clarity. Peptidyl-prolyl cis-trans isomerisation assay of Pro224 peptide (b) or Pro153 and Pro29 peptides (c) incubated with or without cyclophilins. The substrate peptide RTLFP-F-pNA was dissolved in LiCl/TFE buffer and preincubated with cyclophilins at 0°C for 30 min. To initiate the reaction, chymotrypsin was added to digest the peptide in trans thus to release the fluorophore. The absorbance was immediately recorded at 390 nm. The x-axis is minutes; the y-axis is absorbance and MK2 was significantly reduced when Pro224 was mutated. Thus, we confirmed in vivo that intact Pro224 is important for efficient p38MAPK phosphorylation and activation.
Isomerisation of p38MAPK by cyclophilin A mediates sensitivity of tumour cells to cisplatin. Downregulation of p38MAPK sensitises tumour cells to the DNA damageinducing agent cisplatin. 17 In turn, CypA is upregulated in a wide range of human cancers, and there is a strong correlation between overexpression of CypA, malignant transformation and cisplatin sensitivity. 25, 26 Despite these findings, the precise mechanism of how CypA mediates sensitivity to cisplatin is unclear. Similar to cyclophilin overexpression in cancer, an increase in p38MAPK phosphorylation has also been found in different tumours, which in turn correlates with poor prognosis and resistance to cisplatin treatment. 9, 10, 25, 27 Considering the strong correlation among p38MAPK, cyclophilins and sensitivity to cisplatin, we next speculated that p38-dependent sensitivity of tumour cells to cisplatin could be, at least in part, mediated through CypAdependent isomerisation of Pro224.
To verify this, we tested the viability of two tumour cell lines, HeLa and HCT116, after knocking down CypA in the presence of different doses of cisplatin. In addition, we established cell lines with reduced expression of p38MAPK with a stable shRNA knockdown approach to use as controls. Clonogenic Figure S5b) . In turn, we found that shRNA-mediated knockdown of CypA enhanced cell death in the presence of cisplatin for both HeLa and HCT116 cells (Figures 6a and b, right panels) .
Because shRNA knockdown data do not provide clear evidence of how cis-trans prolyl isomerisation of p38MAPK is involved in regulating the sensitivity of tumour cells to cisplatin, we next tested the viability of E1A+Ras-transformed MEFs after increasing doses of cisplatin. We found that P224I p38MAPK-transformed cells showed an increased sensitivity to cisplatin determined by analysis of colony viability and a cell death (Figure 6c and Supplementary Figures S5a and c) similar to that observed for CypA-and p38MAPK-depleted tumour cells. In addition, as demonstrated for HeLa cells, transformed MEFs with substituted Pro224 could not grow at clonal density, which was reflected in a lower number of clones of non-treated cells (Figure 6c) ; the proliferation rate of individual cells was not affected (Supplementary Figure S5b) .
Next, we turned to the analysis of the role of p38 Pro224 isomerisation in vivo by injecting transformed MEFs into immunodeficient nude mice. Once tumours appeared, mice were treated with cisplatin (7 mg/kg twice with a 4-day interval) and killed when the size of tumours in untreated mice reached 2 cm. While E1A+Ras-transformed P224I MEFs demonstrated a more aggressive tumour growth after injecting into nude mice, tumour size and weight was significantly reduced when compared with wt cells after cisplatin treatment (Figure 7a and Supplementary Figure S6a) . We further found a significant increase in the number of cleaved caspase-3 (CC3)-positive apoptotic cells in P224I p38MAPK-transformed cells when compared with wt cells (Figure 7b and Supplementary Figure S6b) .
Cisplatin is one of the broadly employed drugs in cancer therapy and is currently used to treat lung cancer. Thus, finding ways to improve its efficiency is of paramount significance. Based on our data, we speculated that lung tumours that developed in P224I p38 homozygous mice could be more sensitive to cisplatin treatment compared with wt mice. To verify this, we next turned to a model of lung cancer based on somatic expression of a mutant K-ras (K-rasG12D/+). 28 Wt and P224I knock-in littermates, both carrying the K-ras mutation, were established and used for further analysis. First, we found that the p38MAPK signalling pathway was significantly activated in tumour lesions based on the analysis of phosphorylation of p38 itself and a downstream target, Hsp27. This further suggested that p38MAPK could play a role in lung tumorigenesis (Figure 7c and Supplementary Figure S6c ). Our analysis of tumour lungs from P224I mice further revealed that p38 and Hsp27 phosphorylation was significantly attenuated as shown by immunohistochemistry staining with subsequent quantification of the staining intensity (Figure 7c) . Furthermore, we observed that the expression of known p38 target genes, Cxcl5, TNFα and MMP12, was reduced in micro-dissected tumour lesions from P224I mice compared with wt mice (Figure 7d ).
Next we analysed lung tumour development in wt and P224I p38MAPK mice. We found that the number of tumour lesions at 10 weeks was significantly reduced in P224I p38 knock-in mice (Figure 7e ). This reduction further correlated with a significant reduction in overall tumour area in P224I p38MAPK Figure S5a) . On the right, HeLa cells were treated with 5 μM cisplatin for 6 h and the extent of apoptosis was measured with a Cell Death Detection ELISA kit (Roche). (b) HCT116 cells were stably infected with a lentivirus containing an shRNA for human CypA, or p38MAPK or a backbone vector. After 1 week of puromycin selection, cells were treated with 5 μM cisplatin for 4 h, then plated at clonal density 1 × 10 3 on 3 cm dishes in triplicates. Cells were left growing until visible colonies were formed (10-14 days). The numbers of colonies were counted, and the results are presented as an image and a graph. On the right, HCT116 cells were treated with 100 μM cisplatin for 12 h and the extent of apoptosis was measured with a Cell Death Detection ELISA kit (Roche). (c) MEFs from wild type and P224I knock-in embryos were transformed with E1A and RasV12 oncogenes. Established cell lines were plated in triplicates at clonal density 7 × 10 3 cells per 3 cm dish and after 24 h were treated with various concentrations of cisplatin for 4 h, washed and left growing until colonies were visible to count (10-14 days). As P224I transformed MEFs are less viable when seeded at clonal density than wild-type MEFs, the number of visible colonies in a control was used as 100% for each cell line, and the number of colonies viable after treatment was present as % relative to the control (shown in Supplementary Figure S5a knock-in mice (Figure 7f ). Next, mice at age 10 weeks were treated intraperitoneally with a single dose of cisplatin (7 mg/kg). The maximum apoptotic response in K-ras lung tumours is reported to occur at 24 h after cisplatin treatment, 29 and we analysed the apoptotic response at this time point by measuring the number of CC3-positive cells (Figure 7g and Supplementary Figure S6d) . The number of CC3-positive cells per tumour area was significantly higher in tumours of P224I p38MAPK mice, suggesting that the lack of Pro224 isomerisation of p38MAPK sensitises lung tumours to cisplatin treatment. Thus, our data argue that p38MAPK isomerisation at Pro224 could be critical in regulating K-ras-driven lung tumorigenesis in mice and controlling sensitivity in response to cisplatin. Figure 7a . Paraffin sections were stained with anti-cleaved caspase-3 antibodies (CC3), the number of cells per field (×20 objective) was counted and presented as a graph. One representative image of CC3 staining is presented in Supplementary Figure S6b. (c) Wild type and homozygous P224I knock-in mice were crossed on a K-ras background to develop lung tumours and killed at an age of 10 weeks. Histological sections were stained with phospho-specific antibodies against p38 and Hsp27, and representative images are shown. Staining intensity of images taken at × 60 objective (n = 10) was quantified using ImageJ program and presented in the graph. A representative image is shown in Supplementary Figure S6c. (d) Visible lung tumour lesions were micro-dissected from three pairs of wild type and P224I mice, and processed for mRNA expression analysis of p38 targets by qRT-PCR. (e) Wild type and P224I knock-in mice were crossed on a K-ras background to develop lung tumours and killed at the age of 10 weeks The numbers of lesions were counted and presented. (f) The relative tumour area was calculated after hematoxylin/eosin staining and the percentage relative to total lung area is presented. A representative image of the lung section is shown; note the dark hematoxylin/eosinpositive nodules (indicated with arrows) on the surface of the lungs representing tumour lesions. (g) Wild type and homozygous P224I knock-in mice were crossed on a K-ras background to develop lung tumours. At the age of 10 weeks, mice were injected with cisplatin. Apoptosis was analysed with an anti-cleaved caspase-3 antibody; the number of positive cells was counted and presented as a ratio per scored tumour area. One representative image is shown in Supplementary Figure S6d . NS stands for nonsignificant, *Po0.05, **Po0.01, ***Po0.001
Discussion
The p38MAPK signalling pathway plays an important role in integrating numerous extracellular signals to generate an appropriate response to different stimuli. Regardless of the type of stress that triggers p38MAPK activation, it will be executed through phosphorylation of the activation sites Thr180 and Tyr182. Here we report that this phosphorylation-dependent mechanism of p38MAPK activation itself is actively regulated by cis-trans peptidyl-prolyl isomerisation of Pro224. This mechanism is mediated by direct association with cyclophilins, and in turn, proline isomerisation changes the structure of p38MAPK, making it more accessible for upstream kinases to phosphorylate Thr180/Tyr182.
Proline isomerisation has been reported for another stress kinase, JNK1; however, it is modulated in that case by interaction with phosphorylation-dependent isomerase Pin1 at the phospho-Thr-Pro motif. 22 Pin1 is the only proline isomerase that can catalyse the isomerisation of the pS/T-P bond, and it regulates numerous serine-threonine kinases and transcription factors. 30, 31 Most cyclophilin targets have been predicted based on the correlation between cyclophilin levels and the activity of the protein of interest. For example, the stability, localisation and activity of the p65 subunit of NF-κB was recently shown to be regulated by association with CypA because its downregulation impaired production of NF-κB-induced cytokines while reducing the proliferation of glioblastoma cells. 32, 33 Similar to CypA, genetic ablation of CypB reduces glioma cell survival and proliferation, as shown both in vitro and in vivo. 34, 35 We found that multiple cyclophilins -CypA, CypB and CypH -directly interact with a newly identified target, p38MAPK, facilitating isomerisation of Pro224, which in turn is required to regulate phosphorylation of kinase regulatory Thr-Gly-Tyr motif. As a result, cyclophilin-mediated regulation of p38MAPK could be an additional way of controlling cell survival; as shown in Figure 6 , both HeLa cells with downregulated CypA and transformed MEFs expressing an isomerisation-deficient p38MAPK are less viable when growing at clonal density.
Different cyclophilin isoforms are located in the cytoplasm, similar to p38MAPK. CypA is the most well-characterised cyclophilin and has been implicated in many diseases. Upregulation of CypA or CypB has been found in primary human cancers. 34, [36] [37] [38] [39] [40] In some cases, this upregulation has been associated with enhanced metastasis, radioresistance and poor clinical prognosis. 41, 42 Although the direct correlation between expression of cyclophilins and phosphorylation of p38MAPK has not been established, increased levels of phosphorylated p38MAPK have been described in various cancers. 8, 9, [12] [13] [14] 35, 43 In this study, we found that cyclophilinmediated isomerisation could be a critical step in the activation of p38MAPK, which could explain the correlative evidence in the literature concerning the overexpression of cyclophilins and an increase in p38MAPK phosphorylation. This in turn could suggest that different cyclophilins and in particular CypA can function as a molecular switch to modulate p38MAPK signalling to adjust to environmental changes, thus modulating cancer cell survival.
Previous studies have speculated that overexpression of cyclophilins in various cancers could play a cytoprotective role. Several reports have suggested inactivating CypA in combination with the cytotoxic anti-cancer drugs cisplatin or paclitaxel to improve the chemosensitivity of cancer cells. 26, 40, 44, 45 However, the few clinical studies that have used a combination of platinum-based chemotherapy with cyclosporine A have shown low cooperative anti-cancer activity. 46 Despite being widely used as an inhibitor of cyclophilins, cyclosporine A does not have a broad inhibitory activity towards different isoforms. Thus, there is a need for further development of cyclophilin inhibitors with broader and stronger inhibitory activity than cyclosporine A.
Increasing in vivo and in vitro evidence suggests that downregulation of p38 kinase potentiates the effect of chemotherapy. 16, 17, 47, 48 Here we show that downregulation of p38MAPK activity by attenuation of its isomerisation either by mutation of Pro224 or by knock down of CypA leads to higher sensitivity to cisplatin. This combinatory effect of cisplatin with aberrantly activated p38MAPK was demonstrated in several cell lines (Figure 6 ), as well as with a mouse model of lung tumorigenesis (Figures 7e-g ). These findings further support the idea that the use of cyclophilin inhibitors could sensitise platinum-based anti-cancer drugs.
Several studies using conditional knockout mice with deletion of p38α or MK2 in lung epithelium have demonstrated that downregulation of the p38 pathway enhances lung tumorigenesis induced by oncogenic K-ras. 8, 49 In contrast, in this study, we show a significant reduction in K-ras-induced lung tumours in P224I p38MAPK mice. In addition, these mice appeared to be more sensitive to cisplatin treatment. Our results clearly show that blocking cis-trans peptidyl-prolyl isomerisation of p38MAPK is sufficient to reduce K-ras-driven lung tumorigenesis. This finding in turn supports the hypothesis that targeting cyclophilin-mediated isomerisation of p38MAPK could be an attractive pathway for drug discovery. We speculate that efficient cyclophilin inhibitors can serve in anti-lung cancer therapy as mono drugs or in combination with cisplatin-based therapies.
Materials and Methods Animals, cell culture conditions and treatments. All animal protocols used in this study were approved by the Institute of Molecular and Cell Biology Animal Safety and Use Committee. To generate P224I knock-in mice the targeting vector described in Wong et al. 50 was used that contained the equivalent of 4.5 kb of mouse DNA with an exon containing the Pro224 sites of p38MAPK. This site was mutated to isoleucine by site-directed mutagenesis (SDM primers: 5′-GCTGGTT AATATGGTCTGTACCAATAAACAACGTTCTTCCGGTC-3′; 5′-GACCGGAAGAACG TTGTTTATTGGTACAGACCATATTAACCAGC-3'). Targeted ES clones were generated, positive clones were screened by PCR and Southern blot analysis, karyotyped and one of the clones was used for blastocyst injection to generate mice in the C57Bl/6 background. P224I+/ − mice were interbred to generate littermates with the following genotypes: P224I+/+ (wt type) and P224I − / − . MEFs were purified from 12.5 days embryos. Mice with somatic activation of K-ras were described in Johnson et al. (2001) 28 and were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).
MEF, HeLa and HCT116 cells were maintained in DMEM medium supplemented with 10% fetal bovine serum (Hyclone, South Logan, UT, USA), 100 U/ml of penicillin and 0.1 mg/ml of streptomycin (Gibco, Grand Island, NY, USA). For SILAC, HeLa cells were grown in SILAC DMEM and 10% dialyzed FBS supplemented with Larginine and L-lysine for the light culture or with L-arginine (U-13C6) and L-lysine (U-13C6) for the heavy culture (Thermo Scientific, Waltham, MA, USA). The cells were used after six doublings in SILAC media to allow for full metabolic incorporation. Cisplatin (100 μM), TMN355 (1 μM), 0.5 M sorbitol or 20 J/m 2 of UV radiation were used for the treatments and cells were harvested when appropriate.
Plasmids. shRNA lentiviral constructs in the pLKO.1 vector targeting human p38MAPK and cyclophilin A were purchased from Dharmacon (Lafayette, Columbia, USA), and the most potent clones were used for further studies. Flag-tagged cyclophilin A, cyclophilin B, cyclophilin H and CWC27 were purchased from Origene (Rockville, MD, USA) (in pCMV-entry vector). Full-length human p38MAPK was cloned into the pGEX-4T vector, into pEGFP-C1 or pcDNA3.1/His, with the subsequent mutation of Pro224 to Ile generated by PCR-based site-directed mutagenesis. Plasmids were transfected into cells using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA).
For the transfection of HeLa cells with the increasing concentrations of cyclophilincoding plasmids, cells were seeded in 60 mm dishes; the plasmid amount used was: 1 μg of GFP-tagged p38MAPK plasmid, 0.1 μg of MKK6-EE plasmid and 0.5, 1 or 3 μg of plasmid coding cyclophilins. Cells were used 24 h after transfection.
Cell lysis, immunoprecipitation and immunoblotting. Cells were lysed in buffer (10 mM Tris-HCl, pH 7.5, 2 mM EDTA, 137 mM NaCl, 10% glycerol and 1% Triton X-100) containing protease and phosphatase inhibitors cocktail (Roche, Basel, Switzerland). For GFP-trap immunoprecipitation, cells were lysed in RIPA buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton, 0.1% SDS) and the lysate was diluted with wash buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA) to bring the Triton to 0.2% and incubated with GFP-trap beads (Chromotek, Planegg, Germany) for 4 h at 4°C. The immunoprecipitates were washed three times with wash buffer and boiled in protein sample buffer, analysed by SDS-PAGE followed by western blotting. For immunoprecipitation of flag-tagged cyclophilins, anti-flag M2 agarose (Sigma, St. Louis, MO, USA) was used, cells were lysed in NP-40 lysis buffer (0.5% NP-40, 10 mM Tris-HCl, pH = 7.5, 150 mM NaCl, 2 mM EDTA). TALON beads were used for immunoprecipitation of his-tagged p38. For the detection of p38MAPK interacting proteins by MS, 10 mg of total cell lysate proteins were used. The lysates were incubated with GFP-trap beads, the beads were washed, combined and washed three more times before boiling in sample buffer. The samples were separated on SDS/PAGE gels and MS was performed. Each experiment was carried out at least three times.
For quantification of bands intensity on western blots, a Gel-Pro analazer program was used. A ratio of specific bands to either total p38 or tubulin was generated and presented at each panel, and non-treated control was served as 1 for all western blots.
Antibodies used were the following: p38α (C-20; Santa Cruz, Dallas, TX, USA), FLAG (4C5; Origene), Tyr182 phospho-p38MAPK (gift from A Fornace), TY-phosphop38MAPK (#9211; Cell Signalling, Danvers, MA, USA), phosphor-Thr334-MK2 (27B7; Cell Signalling), cyclophilin A (H-24; Santa Cruz), phosphor-S86-HSP27 (#17938; Abcam, Cambridge, UK) and cleaved caspase-3 (#559565; BD, Franklin Lakes, NJ, USA).
In vitro kinase assay. For in vitro kinase assays, purified recombinant human p38MAPK protein (either manually purified or purchased from SignalChem, Richmond, BC, Canada) was preincubated with purified cyclophilin A (Peprotech, Rocky Hill, NJ, USA) in isomerisation buffer (43 mM Hepes, 86 mM NaCl, 10 mM LiCl) for 15 min on ice and then incubated with purified active MKK6 kinase (Biaffin, Kassel, Germany) in kinase buffer (20 mM Tris, pH 7.5, 10 mM MgCl 2 ) supplemented with 50 μM ATP at 30°C for 15 min. The reaction was stopped by the addition of 0.5 volume of 2 × protein sample buffer. The proteins were resolved by SDS-PAGE. The phosphorylation of p38MAPK was visualised by western blotting using phospho-specific antibodies.
BrDU incorporation. DNA replication was measured by adding 10 μM BrDU to the cell culture medium 45 min before the cells were harvested and fixed in 70% EtOH. BrDU-positive cells were detected with FITC-conjugated anti-BrDU antibodies (BD kit), co-stained with propidium iodate and analysed by flow cytometry.
Immunohistochemistry. Tissue samples were fixed in 4% PFA overnight before alcohol dehydration, clearing with xylene and wax embedding. Samples were cut into 5 μm sections. Paraffin-embedded sections were deparaffinised in xylene and rehydrated in ethanol with increasing concentrations of water. Antigen retrieval was performed at 90-95°C in the presence of 1 mM EDTA pH 9.0 for 35 min. Samples were permeabilised with 0.3% Triton X-100 in PBS. Rabbit antibodies against mouse cleaved caspases 3 (BD), phospho-p38 (Cell Singaling) and phospho-Hsp27 (Cell Signalling) were used for analysis. Intensity of p-p38 and p-HSP27 staining was quantified using ImageJ program with 10 images per analysis (×60 objective).
Assay for peptidyl prolyl isomerisation. One microliter of cyclophilins (3-7 nM) was dissolved in the assay buffer (86.5 μl, final concentration 43 mM Hepes, 86 mM NaCl, pH 8.0). The pNA-modified peptide substrates (synthesised by Shanghai Hanhong Chemical Co., Ltd, China) were dissolved in TFE that contained LiCl (400 mM) and added into buffer with cyclophilins. Final concentration of LiCl in the assay was 10 mM; TFE was at the concentration 2.5% (v/v), mixed and preequilibrated on ice for 30 min. Immediately before the assay was started, 10 μl of chymotrypsin solution (60 mg/ml in 0.001 M HCl, final concentration 6 mg/ml) was added into the cuvette and the absorbance of p-nitroaniline was followed at 390 nm until the reaction was completed (5 min).
Colony-forming assay and apoptosis analysis. For analysis of the response of the cells to cisplatin, different cell lines were seeded at clonal density onto 35 mm dishes in triplicates (7 × 10 3 cells per 35 mm dish for HeLa and transformed MEFs; 1 × 10 3 cells for HCT cells). The next day cisplatin in increasing concentrations was added, 4 h later cells were washed and left growing for 10-14 days until colonies were visible. Cells were washed and stained before counting with 1% crystal violet solution in fixative buffer.
For apoptosis assays, cells were seeded onto 96-well plates, 24 h later were treated with cisplatin at the concentration of 5 μM for HeLa cells, 100 μM -for HCT116 cells for the indicated times, washed and analysed using the Cell Death Detection kit ELISA PLUS (Roche Diagnostics) following the manufacturer's instructions. RNA expression/quantitative real-time PCR. Cells or excised lung tumours were harvested in Trizol (Invitrogen) and processed for total RNA purification. Trizol-based purified total RNA was used for cDNA reverse transcription using Maxima H Minus First Strand cDNA synthesis kit (Thermofischer, Waltham, MA, USA) with oligo-dT primers. Quantitative PCR reactions were performed using KAPA SYBR Fast Universal qPCR kit reagents with the Applied Biosystems 7300 Real-time PCR System and specific primers.
Statistical analysis.
Values are means ± S.E.M. Comparison of mean values between groups was evaluated by two-tailed Student's t-test using the Prizm program. P-values less than 0.05 were considered significant. Any P-value less than 0.05 was designated with one (*) asterisk; less than 0.01-with two (**) asterisks, less than 0.001-with three (***) asterisks.
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